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The transverse momentum and total cross section of e 1 e 2 pairs in the Z-boson region of 66 , M ee , 116 GeV͞c 2 from pp collisions at p s 1.8 TeV are measured using 110 pb 21 of collisions taken by the Collider Detector at Fermilab during 1992 -1995. The total cross section is measured to be 248 6 11 pb. The differential transverse momentum cross section is compared with calculations that match quantum chromodynamics perturbation theory at high transverse momentum with the gluon resummation formalism at low transverse momentum.
PACS numbers: 13.85.Qk, 12.38.Qk
In hadron-hadron collisions at high energies, massive e 1 e 2 pairs are produced via the Drell-Yan [1] process. In the standard model, colliding partons from the hadrons react to form an intermediate g ‫ء‬ or Z ͑g ‫ء‬ ͞Z͒ vector boson, which then decays into an e 1 e 2 pair. Initial state quantum chromodynamic (QCD) radiation from the colliding partons give the Drell-Yan pair a transverse momentum ͑P T ͒ boost and a companion jet or jets. A study on the properties of high energy jets produced with e 1 e 2 pairs from Z bosons [2] finds that QCD predictions agree with measurements. By measuring the production properties of e 1 e 2 pairs, QCD can be studied in even more detail because state-of-the-art predictions for them are finite and physical at all P T . The calculations contain fixed-order perturbation theory at high P T and gluon resummation formalisms [3, 4] , which sum perturbative contributions from multiple soft and collinear gluon emissions, at low P T . The physics at very low P T is nonperturbative and uncalculable, but its effects are postulated to factorize into a universal form factor, like a parton distribution function. Previous measurements in pp collisions at p s 0.63 TeV [5] and p s 1.8 TeV [6] [7] [8] support these formalisms, but new measurements are needed to further test and refine them. New measurements are also important for precision W boson mass measurements at hadron colliders, where W's are reconstructed using en and mn pairs from the Drell-Yan process. Systematic errors on the mass measurement from uncertainties in the details of Drell-Yan W production derived from g ‫ء‬ ͞Z measurements are still significant. In this Letter, precise new measurements of the differential P T and total cross sections of e 1 e 2 pairs in the mass range 66 116 GeV͞c 2 are presented. They are denoted as ds͞dP T and s, respectively, and are corrected for acceptance, efficiencies, and detector resolution effects. The e 1 e 2 pairs in this mass range are mostly from the resonant production and decay of Z bosons.
The e 1 e 2 pairs are from 110 pb 21 of pp collisions at p s 1.8 TeV taken by the Collider Detector at Fermilab (CDF) [9] during 1992-1993 ͑19.7 6 0.7 pb 21 ͒ and 1994-1995 ͑90.4 6 3.7 pb 21 ͒. The CDF is a solenoidal magnetic spectrometer surrounded by projective-towergeometry calorimeters and outer muon detectors. Only detector components used in this measurement are described here. Charged particle momenta and directions are measured by the spectrometer, which consists of a 1.4 T axial magnetic field, an 84-layer cylindrical drift chamber (CTC), and an inner vertex tracking chamber (VTX). The polar coverage of the CTC tracking is jhj , 1.2. The pp collision point along the beam line ͑Z vertex ͒ is determined using tracks in the VTX. The Z vertex distribution is approximately Gaussian, with s ϳ 26 cm, and nominally centered in the middle of CDF ͑z 0͒. The energies and directions of electrons, photons, and jets are measured by the calorimeters covering three regions: central ͑jhj , 1.1͒, end plug ͑1.1 , jhj , 2.4͒, and forward ͑2.2 , jhj , 4.2͒. Each region has an electromagnetic (EM) and hadronic (HAD) calorimeter. The central EM calorimeter's shower maximum strip detector (CES) is used for EM shower position measurements.
High mass Drell-Yan events are distinctive: the e 1 and e 2 typically have large transverse energies ͑E T ͒, are separated from each other, and tend to be separated from jets and other particles from the interaction. The sample of Drell-Yan events used in this measurement was collected by a three-level online trigger [10] for pp collisions with a high E T electron in the central calorimeter region. In the offline analysis, events with two or more electron candidates are selected. The pp vertex is required to be within the fiducial region jZ vertex j , 60 cm. This reduces the integrated luminosity by ͑4.5 6 1.1͒% for the 1992-1993 data and ͑6.3 6 1.1͒% for the 1994-1995 data. Since the electrons from the Drell-Yan process are typically isolated, both electrons are required to be isolated from any other activity in the calorimeters. Both electrons are also required to be within the fiducial area of the calorimeters. One electron must be within the central region, and it or another central electron must satisfy the trigger requirements. Electrons in the central, end plug, and forward regions are required to have a minimum E T of 20, 15, and 15 GeV, respectively. There are three categories of ee pairs: central-central (CC), central-end plug (CP), and central-forward (CF). Only ee pairs in the mass range 66 116 GeV͞c 2 are used. To improve the purity of the sample, electron identification cuts are applied. Electron identification in the central region is the most powerful due to the additional discriminating power of tracking and the CES. The central electron (or one of them if there are two) is required to pass strict criteria [11] . The criteria on the other electron are looser. A central electron must have a CTC track that extrapolates onto the electron's shower clusters in the EM calorimeter and the CES. These clusters must have EM-like transverse shower profiles. The track momentum and the EM shower energy must be consistent with each other (E͞P requirement). The track is also used to set the position and direction of the electron. The fraction of energy in the HAD calorimeter towers behind the EM shower is required to be consistent with that expected for an EM shower (E HAD ͞E EM requirement). End plug region electrons are required to have an EM-like transverse shower profile and to pass a loose E HAD ͞E EM requirement. Forward region electrons are only required to pass a loose E HAD ͞E EM requirement.
After all cuts, the numbers of CC, CP, and CF topology events are 2951, 3824, and 745, respectively. The backgrounds are small, and are estimated using the data. The backgrounds in the CP and CF topologies are dominated by jets and are 78 6 65 and 27 6 13 events, respectively. The background in the CC topology consists of e 1 e 2 pairs from W 1 W 2 , t 1 t 2 , cc, bb, and tt sources. This background, estimated using e 6 m 7 pairs [12] , is 8 6 3 events. Remaining jet backgrounds are negligible.
Since the mean instantaneous pp collision luminosity for the 1994-1995 run is about twice that for the 1992-1993 run, the efficiencies for each period are kept separate. The electron identification and isolation cut efficiencies of the 1992-1993 data for CC, CP, and CF pairs are ͑79.6 6 1.8͒%, ͑80.5 6 1.4͒%, and ͑78.1 6 2.6͒%, respectively.
The corresponding efficiencies for the 1994-1995 data are ͑78.3 6 0.9͒%, ͑78.0 6 0.7͒%, and ͑76.4 6 1.3͒%. The mean trigger efficiency for one central electron is ͑91.2 6 0.4͒% for the 1992-1993 data and ͑89.6 6 0.2͒% for the 1994-1995 data. Most of the trigger inefficiency is due to the level-2 track finder, and the inefficiency from other trigger levels is less than 0.5%.
The measured cross sections are derived from N sL ? eA, where N is the number of backgroundsubtracted events, s is the cross section, L is the integrated collision luminosity, e is the event selection efficiency, and A is the detector acceptance. The acceptance for Drell-Yan e 1 e 2 pairs is obtained using the Monte Carlo event generator, PYTHIA [13] , and CDF detector simulation programs. PYTHIA generates the hard, leading order (LO) QCD interaction, q 1 q ! g ‫ء‬ ͞Z, simulates initial state QCD radiation via its parton shower algorithms, and generates the decay, g ‫ء‬ ͞Z ! e 1 e 2 . To approximate higher order QCD corrections to the LO mass distribution, a "K factor" [14] is used as an event weight:
, where a s is the two loop QCD coupling. This factor improves the agreement between the next-to-leading order (NLO) and LO mass spectra. For M . 50 GeV͞c 2 , 1.25 , K , 1.36. PYTHIA is also used to generate the NLO QCD interactions, q 1 q ! g ‫ء‬ ͞Z 1 g, and q͑q͒ 1 g ! g ‫ء‬ ͞Z 1 q͑q͒ for analysis at high P T . The CTEQ3L [15] nucleon parton distribution functions (PDFs) are used in the QCD calculations. Final state quantum electrodynamics radiation [16] from the g ‫ء‬ ͞Z ! e 1 e 2 vertex is added by the PHOTOS [17] Monte Carlo program. Generated events are processed by CDF detector simulation programs and then reconstructed as data.
The calorimetry energy scales and resolutions used in the detector simulation are tuned with data. The level-2 trigger is included in the detector simulation to accommodate a slight E T and h dependence of the efficiency. PYTHIA's nonperturbative "K T smearing" at low P T is also tuned [13] with data. After these adjustments, there is satisfactory agreement between the simulation and data for the e 1 e 2 -pair production and decay kinematics. Simulated events are accepted if, after the reconstruction, they pass the e 1 e 2 -pair mass cut, and the electron fiducial and E T cuts. Thus, detector resolution effects are included in all acceptances.
For the cross section measurement, the acceptance is calculated using the LO QCD event generator. The overall acceptance of e 1 e 2 pairs is ͑37.6 6 0.1͒% for the 1992-1993 run and ͑36.7 6 0.1͒% for the 1994-1995 run. The acceptances for the component CC, CP, and CF e 1 e 2 -pair topologies are 40%, 50%, and 10%, respectively, of the overall value. The CC, CP, and CF topology event samples provide three independent cross section measurements. Such measurements, derived from the 1992-1993 data, and separately for the 1994-1995 data, are consistent with each other. The combined measurement gives s 248 6 4 6 3 6 10 pb, where the first error contains the statistical and efficiency errors, the second error is the systematic error from background subtractions and the acceptance, and the last error is from the collision luminosity. The systematic errors are discussed later.
In the ds͞dP T measurement, all of the data are combined, binned in P T , and the cross section calculated with
The DN is the background-subtracted event count in a P T bin, C is a bin centering correction, DP T is the bin width, the sum r is over the 1992-1993 and 1994-1995 runs, L r is the run's integrated luminosity, and eA r is the run's combined event selection efficiency and acceptance. The ds͞dP T is shown in Table I . The backgrounds subtracted from the event count are predicted using the data and background samples. The factor C corrects the average value of the cross section in the bin to its bin center value. For the small bins of P T , 50 GeV͞c, 1.00 , C , 1.01, and for the larger bins above, 1.01 , C , 1.15. In the acceptance calculation, PYTHIA's LO QCD event generator is used for the P T , 20 GeV͞c bins, and above that, its NLO QCD event generator is used. Separate acceptances are calculated for CC, CP, and CF topology e 1 e 2 pairs. They are combined with the corresponding event selection efficiencies to give eA r . As the P T increases, jets opposing the e 1 e 2 pair move farther into the detector and cause acceptance losses via the electron isolation requirement. At P T ϳ 40 GeV͞c, the loss peaks then abates as both electrons are Lorentz boosted away from the jets. The relative loss, 8% at most, is taken from the simulation and included in eA r . The eA r is a function of P T , and its minimum value is at P T 0 GeV͞c, where eA r Ӎ 0.22.
The systematic errors considered are from variations in the estimates of the total background, uncertainties in the All errors are included, except the 3.9% integrated luminosity error. The P T is the bin center value. The bins change size at 0, 12, 20, 30, 50, 100, and 150 GeV͞c, with corresponding widths of 0.5, 1, 2, 4, 10, 25, and 50 GeV͞c. calorimetry energy resolution functions used in the detector simulation, and variations of the Drell-Yan production model used by the Monte Carlo event generator. For the s measurement, the systematic errors from the background and Drell-Yan production model are both 1%. The calorimeter resolution effects are negligible. The detector resolution and Drell-Yan production model affect the detector's acceptance in P T . The estimated error from the calorimeter resolution is 3.6% at P T 0 GeV͞c, and it decreases to 0.6% for P T . 20 GeV͞c. The estimated error from the Drell-Yan production model is under 3% for P T , 30 GeV͞c and 1% for higher P T . The pp collision luminosity is derived with CDF's beam-beam cross section, s BBC 51.15 6 1.60 mb [18, 19] . The luminosity error contains the s BBC error and uncertainties specific to running conditions. For the 1994-1995 run, the luminosity error has recently been reduced to 4.1%. The predictions for the production of e 1 e 2 pairs in the mass range 66 116 GeV͞c 2 are calculated using EV [3] and RESBOS [4] . These QCD calculations match perturbation theory at high P T with gluon resummation formalisms at low P T . Nonperturbative, long distance physics effects are assumed to factorize into a form factor that must be measured. EV calculates g ‫ء‬ ͞Z production with full interference, and does the gluon resummation in transverse momentum space. RESBOS calculates g ‫ء‬ or Z-bosononly production, does gluon resummation in the Fourier conjugate impact parameter space, and uses the LY [20] nonperturbative form factor. For both, default settings (fit to previous measurements) are used [21] . The measured cross section is 248 6 11 pb. EV predicts 231 and 225 pb with CTEQ4M [22] and MRS-R2 [23] PDFs, respectively. RESBOS predicts s Z 228 pb ͑s g ‫ء‬ 6 pb͒ with CTEQ4M PDFs. Figure 1 compares the measured ds͞dP T to the shape of the EV and Z-only RESBOS calculations with CTEQ4M PDFs. For P T , 80 GeV͞c, the calculations agree with the measurement, but with deviations of up to 20% which may be due to inaccuracies in the nonperturbative form factor. The precision of the measurement allows for an analysis and refinement of the form factor. For P T . 80 GeV͞c, the calculations agree with the measurement, but with reduced precision.
The measurement of ds͞dP T agrees very well with a previous measurement [6] and a concurrent measurement [24] . Total cross section measurements are customarily reported as the Z-boson-only, e 1 e 2 -pair cross section integrated over all boson masses, sB͑pp ! Z ! e 1 e 2 ͒. This derived cross section is found to be 249 6 5͑stat 1 syst͒ 6 10͑lum͒ pb, where the last error is the luminosity error. This result is consistent with previous measurements In summary, the transverse momentum and total cross sections of Drell-Yan e 1 e 2 pairs in the mass range 66 116 GeV͞c 2 produced in pp collisions at p s 1.8 TeV have been measured by CDF. Both previous measurements and QCD predictions are consistent with the new measurements. The precision of the ds͞dP T measurement allows more of the physics of nonperturbative QCD at low P T to be obtained from the data.
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